The long-term stability of biogenic uraninite with respect to oxidative dissolution is pivotal to the success of in situ bioreduction strategies for the subsurface remediation of uranium legacies. Batch and flow-through dissolution experiments were conducted along with spectroscopic analyses to compare biogenic uraninite nanoparticles obtained from Shewanella oneidensis MR-1 and chemogenic UO 2.00 with respect to their equilibrium solubility, dissolution mechanisms, and dissolution kinetics in water of varied oxygen and carbonate concentrations. Both materials exhibited a similar intrinsic solubility of $10 À8 M under reducing conditions. The two materials had comparable dissolution rates under anoxic as well as oxidizing conditions, consistent with structural bulk homology of biogenic and stoichiometric uraninite. Carbonate reversibly promoted uraninite dissolution under both moderately oxidizing and reducing conditions, and the biogenic material yielded higher surface areanormalized dissolution rates than the chemogenic. This difference is in accordance with the higher proportion of U(V) detected on the biogenic uraninite surface by means of X-ray photoelectron spectroscopy. Reasonable sources of a stable U(V)-bearing intermediate phase are discussed. The observed increase of the dissolution rates can be explained by carbonate complexation of U(V) facilitating the detachment of U(V) from the uraninite surface. The fraction of surface-associated U(VI) increased with dissolved oxygen concentration. Simultaneously, X-ray absorption spectra showed conversion of the bulk from UO 2.0 to UO 2+x . In equilibrium with air, combined spectroscopic results support the formation of a near-surface layer of approximate composition UO 2.25 (U 4 O 9 ) coated by an outer layer of U(VI). This result is in accordance with flowthrough dissolution experiments that indicate control of the dissolution rate of surface-oxidized uraninite by the solubility of metaschoepite under the tested conditions. Although U(V) has been observed in electrochemical studies on the dissolution of spent nuclear fuel, this is the first investigation that demonstrates the formation of a stable U(V) intermediate phase on the surface of submicron-sized uraninite particles suspended in aqueous solutions.
INTRODUCTION
The anthropogenic use of uranium (U) for nuclear fuel production, weapons manufacturing and research has resulted in widespread contamination of soils and groundwater. One of the most stable natural forms of uranium is uraninite, a hyperstoichiometric mineral in the range of UO 2+x (0 < x < 0.25) that ubiquitously contains impurities when present in rock or sediment formations (Finch and Ewing, 1992; Janeczek and Ewing, 1992a,b) . Because several species of metal and sulfate reducing bacteria are known to mediate the reduction of dissolved U(VI) to U(IV) (Suzuki and Suko, 2006; Wall and Krumholz, 2006) , the engineered stimulation of microbial growth in contaminated media by providing an electron donating carbon source (e.g., ethanol, acetate, lactate, glucose) has been proposed to initiate the precipitation of sparingly soluble uraninite (Gorby and Lovley, 1992; Lovley and Phillips, 1992; Lovley et al., 1991) . This strategy of in situ bioremediation has been studied for more than a decade (N'Guessan et al., 2008; Renshaw et al., 2007 and references therein) . Uranium immobilization can only be successful if dissolution rates of biogenic uraninite and the likelihood of reoxidation are low. Although the structure of biogenically immobilized uranium has not yet been fully characterized in field-scale U(VI) bioreduction experiments, nanoparticulate UO 2+x obtained from cell cultures is better understood and typically exhibits a composition close to UO 2.0 (Burgos et al., 2008; Schofield et al., 2008; Singer et al., 2007 Singer et al., , 2009 . Hence, even more knowledge is required with respect to the chemical stability of biogenic UO 2+x , in particular the kinetics of dissolution reactions under environmentally relevant scenarios. In this paper, the term ''bio-UO 2 " is used for biogenic uraninite prepared in the absence of dopants, irrespective of the actual stoichiometry (the number of x in UO 2+x ). Unless otherwise specified, the term ''syn-UO 2 " is used for chemogenic UO 2+x where the stoichiometry may range between 0 6 x 6 0.33 dependent on the chemical conditions present and the degree of surface oxidation.
In natural groundwater, the potential of the U(IV)/ U(VI) redox couple is expected to range between À42 and +86 mV, depending on a number of parameters including the pH and concentrations of Ca 2+ and dissolved inorganic carbon (DIC) (Brooks et al., 2003; Wall and Krumholz, 2006) . Some of the most potent electron acceptors for U(IV) oxidation are dissolved oxygen, nitrate, nitrite, and solid Mn(IV) and Fe(III). The processes of biogenic uraninite reoxidation and its suppression have been investigated for lab-grown cultures and sediments amended with a carbon source in situ or in flow-through columns. Dissolved oxygen (DO) is one of the strongest oxidants of U(IV), and it has been reported to oxidize bioreduced U(IV) within several hours to days in stirred batch experiments (half-life of 61 h) Zhou and Gu, 2005) or when mixed with bioreduced sediment (Zhong et al., 2005) . However, continuous-flow-through dissolution studies using bioreduced sediments in soil columns demonstrated that nitrate and not DO can be the dominant oxidant of U(IV) in sediments. The authors hypothesized that oxygen was scavenged more rapidly by other reduced compounds or by microbial metabolism (Moon et al., 2007) . In addition to nitrate, which is often found in U-contaminated sites (Finneran et al., 2002) , intermediate products of dissimilatory nitrate reduction or denitrification such as NO 2 À , N 2 O and NO can oxidize and remobilize U(IV) (Senko et al., 2002) .
Mn oxides can rapidly oxidize bio-UO 2 in the absence of biological activity (Fredrickson et al., 2002) , and freshly formed biogenic MnO 2 can be an even more effective oxidant for UO 2+x than DO under low partial pressure (P O2 ) conditions (Chinni et al., 2008) . Ferrihydrite can rapidly oxidize bio-UO 2 , generating dissolved U(VI) and Fe 2+ . The oxidation rate is affected by the aqueous speciation of U(VI) which is a function of pH, carbonate, and Ca 2+ concentrations because those ions tend to form stable ternary complexes with U(VI) lowering the free energy of uraninite oxidation (Ginder-Vogel et al., 2006) . Reactive Fe(III) oxyhydroxide can also result from enzymatic Fe(II) oxidation coupled to nitrate reduction, or from Fe(II) oxidation with nitrite (Senko et al., 2005a) . Other work found that humic substances, siderophores, and (bi)carbonate from the degradation of organics can increase the rate of bio-UO 2 oxidation by formation of stable U(VI) complexes (Frazier et al., 2005; Gu et al., 2005; Wan et al., 2005) .
The stability of bio-UO 2 can be enhanced by preventing reoxidation of U(IV), for example when sulfides such as mackinawite (FeS) or decaying biomass are present and act as oxygen-scavenging redox buffers or when sulfite is added to the system (Abdelouas et al., 1999; Wu et al., 2007) . Another strategy for stabilizing bio-UO 2 is to keep the rate of U(VI) bioreduction low, which may give rise to larger and more aggregated particles that are more resistant to oxidation (Senko et al., 2007) . In batch experiments with air-equilibrated water, small particles of bio-UO 2 were oxidized much faster than were larger particles and aggregates. However, the U(VI) bioreduction rate is not a unique tool to control particle size. This has been exemplified for Shewanella oneidensis MR-1 for which the bioreduction rate did not affect particle size in contrast to results from Shewanella putrefaciens CN32 (Burgos et al., 2008) .
In most of the above-mentioned studies, the generated U(IV) phase has not been structurally characterized and there is little robust information regarding the stability of the solid phase. Although several authors have applied Xray absorption near-edge spectroscopy (XANES) to quantify the proportion of biogenic U(IV) and U(VI) in their systems, structural characterization of the U(IV) mineral phase is lacking in most U bioreduction -reoxidation studies (Ginder-Vogel et al., 2006; Senko et al., 2005b; Wan et al., 2005; Wu et al., 2007; Zhong et al., 2005) . The combination of structural investigations with studies on dissolution kinetics is important because structural differences are expected to modulate chemical stability. For example, Finch and Ewing (1992) reported that cations incorporated in the uraninite lattice and a corrosion rind of U(VI) on the mineral surface inhibited further U(IV) oxidation. This made uraninite stable at redox conditions under which synthetic UO 2 corrodes.
Recent research shows that the nano-sized UO 2+x material generated by lab-grown cultures of S. oneidensis MR-1 is near-stoichiometric (x < 0.05) and structurally similar to chemogenic UO 2.00 . A comparison of both types of material with respect to stability under reducing, carbonate-free conditions showed that dissolution rates had the same order of magnitude when normalized to surface area . The objective of the present study is to investigate the effects of carbonate and dissolved oxygen on the stability of biogenic and chemogenic UO 2+x . Dissolution rates are presented as a function of varied DO and DIC concentrations, and a conceptual mechanistic model of possible surface reactions supported by spectroscopic results is discussed. The ultimate goal of this research is to predict the long-term stability of a structurally well-characterized biogenic uraninite under chemical conditions relevant to contaminated groundwater.
EXPERIMENTAL SECTION

Materials
Reagents of certified ACS grade or better and ultrapure water (resistivity >18.5 MX cm) were used. The UO 2+x materials were prepared in an anaerobic chamber (Coy Laboratory Products) as described in Ulrich et al. (2008) . Biogenic UO 2+x was produced by the facultative anaerobic S. oneidensis strain MR-1. Bacteria of the genus Shewanella have been found in the subsurface, e.g., at the Hanford site (Fredrickson et al., 2007) . U(VI) reduction was carried out in the presence of 1.2 mM uranyl acetate, 30 mM NaHCO 3 , and 20 mM lactic acid at pH 6.3 and 8.0, giving rise to different ratios of UO 2 (CO 3 ) 2 2À and UO 2 (CO 3 ) 3 4À as the dominant U(VI) species under these conditions. The yield of U(IV) oxide was close to or above 99% at both pH conditions. The products are referred to as bio6-UO 2 and bio8-UO 2 . Upon completion of U(VI) bioreduction, the mixture of bio-UO 2 and cells was treated overnight with 1 M NaOH. The organic debris was removed from UO 2 by phase separation employing anaerobic hexane. Subsequent treatment with 0.1 M NaHCO 3 solution and repeated washing with ultrapure anaerobic water removed less than 1% of the total uranium, presumably U(VI). The cleaned bio-UO 2 solids were stored anaerobically in light-protected serum bottles until being used in dissolution experiments.
Synthetic uraninite (syn-UO 2 ) was prepared by reduction of studtite (UO 2 O 2 Á4H 2 O (s) ) at 400°C for 4 h in a stainless steel reactor in presence of H 2(g) (Eq. (1)).
Studtite was precipitated by mixing $88 mM H 2 O 2 (Sigma Aldrich) with 2.5 mM UO 2 Cl 2 (Eq. (2)).
A light yellow precipitate settled within 3 days. It was dialyzed against ultrapure water, dried, and identified as pure UO 2 O 2 Á4H 2 O (s) by X-ray diffraction (XRD). The UO 2 Cl 2 stock solution was prepared by heating UO 2 (NO 3 ) 2 Á6H 2 O (Antec, Inc.) at 275°C for 3 days to produce solid UO 3 that was then dissolved in 0.5 M HCl (trace metal grade, Fisher Scientific).
Structural properties of unreacted UO 2+x
The biogenic and synthetic materials differed notably in their particle size and surface area. The bio-UO 2 particles exhibited a nano-scale size range of 1.5-3.5 nm and an average specific surface area of 50.1 m 2 /g obtained from multipoint N 2 -BET. This surface area is lower than expected for a spherical UO 2 particle of that size (150-360 m 2 /g), and it is lower than recently published N 2 -BET data of biogenic UO 2 obtained from S. putrefaciens CN32 (93-129 m 2 /g, Singer et al., 2009) , suggesting significant agglomeration of the nanoparticles. Because particle agglomeration could not be prevented over the course of dissolution experiments, the obtained dissolution rates were normalized to the measured rather than the calculated surface area. The mean diameter of the syn-UO 2 particles was two orders of magnitude larger (100-200 nm) and revealed a matching N 2 -BET surface area of 5.9 m 2 /g. X-ray absorption spectroscopy and synchrotron based X-ray powder diffraction results showed that the structures of the bio6-UO 2 and bio8-UO 2 materials were similar, suggesting particles with a highly ordered core in which the Ulattice is preserved (stoichiometry close to UO 2.00 , x < 0.05) and an outer region with local disorder Ulrich et al., 2008) . The lattice parameter of the uncleaned bio-UO 2 was similar to that of chemogenic UO 2.00 , suggesting that the surface energy is not sufficient to strain the intermediate-and long-range structure of the bio-UO 2 particles. Hence, similar intrinsic thermodynamic and kinetic properties would be expected.
Dissolution experiments
Dissolution rates were quantified using magneticallystirred continuous-flow tank reactors (CFR, volume of 12.6 mL) operated in the dark at room temperature (20 ± 1°C) as described in detail elsewhere . Each reactor was loaded with a weighed amount of syn-UO 2 powder or a defined aliquot of well-mixed bio-UO 2 suspension with known UO 2 concentration and fed with equilibrated solutions of given chemical composition. All feed solutions contained 1 or 5 mM HEPES buffer adjusted to pH 7.5 or 8.0. NaHCO 3 was added to obtain DIC concentrations of 0.1, 1.0, or 10 mM. Customized gas mixtures were purged into the feed solution to maintain reducing conditions (95% N 2 + 5% H 2 in presence of a Pd catalyst) or oxidizing conditions with 1 vol% O 2 (balance N 2 ) or 21 vol% O 2 (compressed air). Influent flow rates were set between 1.0 and 2.1 mL/min and gravimetrically monitored based on the effluent volume collected in test tubes using an automatic fraction collector. The DO concentration of the influent was monitored with a flowthrough DO probe (Microelectrodes, Inc.) installed in the tubing between the feed reservoir and the CFR.
Because the available amount of biogenic UO 2 was limited, the CFR experiments were carried out either in a consecutive or intermittent treatment mode. In the consecutive mode, different feed solutions were pumped through the CFR for about 40 residence times for each solution in a sequence of increasing P O2 (0, 1, 21 vol% while maintaining 1 mM DIC), or increasing concentration of carbonate (0, 0.1, 1.0, 10 mM while maintaining P O2 constant at 1 vol%). Both series started with anoxic atmosphere using DIC-free, HEPES-buffered feed solution. The same condition was applied during the first and third treatment steps of the intermittent dissolution modes, interrupted by either feeding 1 mM DIC under reducing conditions or providing DO equilibrated to a 1% P O2 headspace.
Equilibrium [U] diss of UO 2 under reducing conditions was determined by switching the operation mode from flow-through (i.e., CFR) to stirred batch reactor (SBR). By operating in this order, any labile U(VI) species present with the initial solid were washed away during the CFR mode prior to starting the equilibrium measurement in the SBR mode. The SBR experiments were performed in a closed system in the glovebox. Samples for U analysis were collected at several points in elapsed time using a needle syringe and filtered through aluminum oxide filter units (Anotop10, Whatman, Inc.) with 0.02 lm pore size. For spectroscopic investigations, the residual solids of the suspension were either accumulated on a filter membrane or centrifuged. The wet paste was loaded into an aluminum sample holder with Kapton windows and stored at anoxic conditions until the analysis by X-ray absorption spectroscopy. For X-ray photoelectron spectroscopy, the wet samples were dried in an anaerobic chamber prior to the analysis.
Analysis
The pH was periodically measured in the feed solution and the effluent samples. Effluent samples selected for total U analysis were acidified to 0.1 M nitric acid prior to measurement by ICP-MS (Agilent 7500ce). The ICP-MS method for uranium had a detection limit <10 ng/L. Several samples were also analyzed specifically for U(VI) using a kinetic phosphorescence analyzer (KPA) (Chemchek, Richland, WA, USA) with a detection limit of <0.1 lg/L (Chinni et al., 2008) .
X-ray absorption spectroscopy (XAS) and high-resolution X-ray photoelectron spectroscopy (XPS) were used to determine the redox state and stoichiometry of uranium in the bulk and near the surface of UO 2+x particles before and after their reaction in dissolution experiments.
X-ray photoelectron spectroscopy
The XPS analyses were carried out at Lehigh University using a Scienta ESCA300. The instrument's operational parameters as well as methodologies for coping with potential artifacts are discussed elsewhere (Ilton et al., 2004) . Briefly, an intense monochromatic Al Ka X-ray beam, which is generated with a rotating anode, was used. Operational conditions yielded Fermi edge widths of 0.41-0.31 eV for Ag 0 , depending on the pass energy used. Regional scans of the U4f region were recorded and the energy scale was referenced to adventitious C1s at 285.0 eV. For a number of samples, and in particular for the uncleaned biogenic UO 2 samples, the C1s structure was complicated. In such cases, the C1s peak was curve-resolved with a sufficient number of Gaussians to obtain a good fit. The lowest energy Gaussian was then set as the energy scale reference.
Standards for U(VI), U(V) and U(IV) were used to determine satellite structures and primary peak parameters. Schoepite was precipitated from a supersaturated solution and used as a U(VI) standard. A U(V)-U(VI) oxyhydroxide phase provided the standard for U(V). The synthesis and characterization of this compound has been described in detail in previous work (Belai et al., 2008) . The U(V) component was derived by fitting the mixed valence phase with the U(VI) component (obtained from schoepite) and solving for the U(V) component. The U(IV) standard was prepared as described in Section 2.1 and characterized as stoichiometric UO 2.00 by X-ray powder diffraction and XAS . Spectra were best fit by non-linear least squares using the CasaXPS curve resolution software. A Shirley background was extended from about 8 eV below the 4f 7/2 peak to about 20 eV above the 4f 5/2 peak. This binding energy (BE) spread encompassed the major satellite features. The BE and intensity of individual components, which included satellites and primary peaks, were allowed to move as a packet relative to the other components (i.e., satellite-primary peak BE separations and relative intensities were fixed for a given component). A single, but variable full-width-athalf-maximum (FWHM) value was used for all the core peak components. Satellite and core peak FWHMs were set at a fixed ratio for each component. The outstanding energy resolution obtained by the Scienta300, combined with tightly correlating core peaks to their corresponding satellites, imposed severe constraints on the solution for each sample.
Prior to XPS analyses, the wet samples were dried and stored in an airtight container for 24-48 h. The container was then placed in an Ar filled glove bag attached to the entry port of the X-ray photoelectron instrument such that the sample transfer occurred with minimal exposure to oxygen. Sequential analyses were taken on the same spot, for each specimen, in order to check for beam induced reduction. The sequential spectra for the U(IV) standard indicated no change, and the U(V) standard was stable over the first several spectra in the sequence. However, most other specimens, including the U(VI) standard, did indicate reduction over time. Fortunately, reduction was systematic and slow. In order to minimize the reduction of our U(VI) standard, it was analyzed at a lower photon flux. The XPS spectra presented in this work are always the first in each sequence. Tabulated data give both the valence state derived from the first spectrum in the sequence and a value obtained by extrapolating to time zero.
X-ray absorption spectroscopy
X-ray absorption near-edge (XANES) and extended Xray absorption fine structure (EXAFS) spectroscopy was carried out at SSRL beamlines 11-2 and 10-2 using a Si (2 2 0) double-crystal monochromator. Spectra across the U L 3 electron binding energy edge position were collected in transmission mode. Unreacted cleaned biogenic samples were analyzed in a liquid nitrogen cryostat (77 K) to improve definition of higher-order shells. Reacted samples (subjected to oxidation in the CFRs) were collected on membrane filters which were analyzed at room temperature. The monochromator was calibrated using an yttrium foil. EXAFS spectra were background-subtracted, splined and analyzed using SIXPack (Webb, 2005) . Backscattering phase and amplitude functions required for fitting of spectra were obtained from FEFF 8 (Rehr et al., 1992) . The uncertainty of the U-oxidation state by XANES spectroscopy is about 10% for mixtures containing U(IV) and U(VI), based on Singer et al. (2009) and taking into account the lack of knowledge regarding the precise U(VI) species for surface-reacted uraninite.
Dissolution rate calculation
Dissolution rates of the biogenic and chemogenic UO 2 materials are derived from the mass balance approach (Eq. (3)) described in Ulrich et al. (2008) .
) are the U concentrations in the effluent and influent, V (L) is the reactor volume, Q (L min À1 ) is the flow rate, and
) is the rate of U release to solution from UO 2 dissolution. Given a constant R d and ideal flow conditions, it takes about five residence times, s = VQ À1 (min), to achieve steady-state, i.e.,
in is zero, the dissolution rate can be calculated:
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À1
) and R n (mol m À2 min
) are the dissolution rates normalized to mass and specific surface area, SSA (m 2 g À1 ), respectively, [U] ss (mol/L) is the effluent uranium concentration at steady-state, and [solid] (g L
) is the mass concentration of UO 2 in the reactor. The rate calculation accounts for the changes in [solid] and SSA with time, resulting from UO 2 dissolution (for details see Ulrich et al., 2008) .
To calculate the reaction rate constant, the Gibbs free energy of reaction needs to be considered (Kraemer and Hering, 1997; Lasaga et al., 1994) . While the goal was to run the dissolution experiments far from equilibrium, a linear rate law function (Eq. (6)) has been used to account for the distance to equilibrium, where IAP is the ion activity product, and K sp the solubility product with respect to UO 2 dissolution under anoxic conditions (Eq. (7)) and with respect to metaschoepite (UO 3 Á2H 2 O) under oxidizing conditions (Eq. (8)). For the anoxic conditions, the measured equilibrium concentration of dissolved uranium, [U] eq , has been used. The predicted [U] eq of metaschoepite was calculated as a function of [U] diss , pH, and [DIC] using MIN-EQL+ (Schecher and McAvoy, 1998 ) and a log K sp of 5.39 for the dissolution reaction (Eq. (8)) as suggested by Jang et al. (2006) and Langmuir (1978) . The dissolution rate constant k (mol m À2 min À1 ) for these reactions can then be calculated from Eq. (9).
3. RESULTS
Oxidative UO 2 dissolution
To study the effects of DO on the stability of bio-UO 2 and syn-UO 2 in aqueous systems, oxygen-free conditions provide the lowest dissolution rates and were applied as the first step of consecutive UO 2+x dissolution . In anoxic, carbonate-free water at pH 7.5 ± 0.2, the dissolved U concentrations in the effluent reached steady-state well below or close to the predicted equilibrium solubility of amorphous UO 2(am) of 3.2 Â 10 À9 M based on the NEA thermodynamic database (Guillaumont et al., 2003) . The calculated dissolution rates of both bio-and chemogenic materials were within the same order of magnitude when normalized to surface area, which is consistent with their structural homology . Under reducing conditions, U(VI) was undetectable (<4.2 Â 10 À10 M) in the effluent as verified by KPA. This result suggests that the anoxic UO 2 dissolution was primarily driven by hydrolysis of U(IV) and not by oxidation to U(VI) (Eq. (7)).
Even though carbonate is a common groundwater constituent, its aqueous complexes with U(IV) are very weak (Guillaumont et al., 2003) and thus are not expected to change the solubility and dissolution kinetics of UO 2(am) under the experimental conditions. To test this hypothesis, 1 mM DIC was added to the anoxic feed solution as the second step of consecutive UO 2 dissolution. Surprisingly, the effluent [U] diss increased by more than one order of magnitude for the syn-UO 2 (Fig. 1c) , and about three orders of magnitude for the bio-UO 2 ( Fig. 1a and b) . Whereas the effluent of bio8-UO 2 and bio6-UO 2 approached a pseudo steady-state [U] diss between 1 and 5 lM, the effluent [U] diss of syn-UO 2 peaked at 0.05 lM and then continuously diminished toward a steady-state concentration around 0.01 lM (Fig. 1c) . Roughly the same value has been determined as the experimental equilibrium concentration in the absence of DIC . The dissolution rates of the bio-UO 2 were up to 20-times higher than those of the syn-UO 2 when normalized to surface area (Table 1) . Hence, at least for the bio-UO 2 , the presence of carbonate considerably accelerated the dissolution process under reducing conditions, which is likely explained by complexation and detachment of a uranium species other than U(IV). Interestingly, effluent analyses by KPA ruled out the possibility of U(VI) mobilization beyond the detection limit of 4.2 Â 10 À10 M.
Step three of the flow-through UO 2+x dissolution experiment showed a change of rate when switching to moderately oxidizing conditions (1 vol% P O2 ) while keeping the 1 mM DIC feed solution. The introduced oxygen dissolved quickly in the feed solution up to a level of 0.4-0.6 mg/L ( Fig. 1d-f ), which is consistent with the expected DO equilibrium in water at 20°C and 1 bar of gas pressure. The effluent [U] diss of the syn-UO 2 material showed the highest increase from 0.01 to 1.2 lM, and appeared to reach steady-state (Fig. 1f) . In comparison, the increase of the effluent [U] diss of the bio-UO 2 was more moderate and time-delayed, reflecting only a small acceleration of the dissolution rate upon switching from reducing to moderately oxidizing conditions. Effluent samples analyzed by KPA indicated small fractions of dissolved U(VI) on the order of 5-10% of [U] diss , demonstrating that at least part of the biogenic UO 2 material was fully oxidized from U(IV) to U(VI). Assuming that the effluent concentrations were at steadystate and the final stage of U-oxidation would be metaschoepite, the surface area-normalized dissolution rates and rate constants (k) for the biogenic and chemogenic UO 2 materials were of the same order of magnitude and within the range of 1-6 Â 10 À10 mol m À2 s À1 (Table 1) . As already mentioned in Section 2.5, the rate constants were calculated from experimentally measured dissolution rates.
Step four of the flow-through UO 2 dissolution tested the change of rate following an increase from a 1% to a 21 vol% P O2 atmosphere in the headspace of a 1 mM DIC feed solution. This change in P O2 was quickly recorded by the DO probe in the influent, showing 9-10 mg/L as expected ( Fig. 1g-i) . In response to the higher DO concentration, the proportion of U(VI) in the effluent exceeded 80% of Fig. 1 . Flow-through dissolution of bio8-UO 2 (a, d, g), bio6-UO 2 (b, e, h), and syn-UO 2 (c, f, i) as a function of oxygen concentration in the influent, sequentially raised from reducing atmosphere (5 vol% P H2 , a-c) to 1 vol% P O2 (d-f) to 21 vol% P O2 (g-i; each gas balanced with N 2 ). The feed solution contained 1 mM DIC at 7.6 ± 0.1, effluent pH was 8.2 ± 0.3. Symbols represent effluent concentrations of dissolved U of two replicate reactors as a function of residence times (t/s, with s = 6-9 min. Error bars reflecting one standard deviation of analysis are mostly smaller than the symbol size. The thin dashed lines show the concentration of dissolved oxygen (DO) monitored in the influent. The thick dashed and the dotted lines indicate the equilibrium concentrations of amorphous UO 2 (log K sp À1.5) and metaschoepite, UO 3 Á2H 2 O (log K sp À5.39) calculated from thermodynamic data. The solid line shows the modeled response to UO 2 dissolution with rate constants given in Table 1 . UO 2 dissolution was continued from a flow-through experiment which ran under reducing conditions in the absence of carbonate (see Ulrich et al, 2008) .
[U] diss . While the steady-state concentration of both biogenic UO 2 materials approached the calculated equilibrium concentration of metaschoepite, the effluent concentration from chemogenic UO 2 dissolution stayed below equilibrium. Nevertheless, the calculated dissolution rate constants normalized to surface area were close to one another, ranging from 1.5 to 5.3 Â 10 À9 mol m À2 s À1 (Table 1) . Potential explanations for this behavior are discussed below in Section 4.3.
Effect of carbonate on UO 2+x dissolution under moderately oxidizing conditions
The results shown in the previous section demonstrate that carbonate promotes the dissolution of biogenic UO 2 under reducing conditions. Likewise, the dissolution rates are dependent on [DO] , an effect which has been studied at a constant concentration of 1 mM DIC. The following experiment investigated the effect of carbonate on UO 2 dissolution under moderately oxidizing conditions. While maintaining a 1 vol% P O2 headspace in the feed solution, the [DIC] was raised step-wise from zero to 0.1, 1.0, and 10 mM by adding the equivalent amount of NaHCO 3 . In Fig. 2 , the effluent [U] diss of bio6-UO 2 ( Fig. 2a and c) and syn-UO 2 ( Fig. 2b and d ) are compared for duplicate runs at each condition. In the absence of DIC, the effluent [U] diss steadily increased without reaching a steady-state within $40 residence times (t/s). Hence, the dissolution process accelerated with time, and the highest rates recorded from this period amount to 1.3 Â 10 À12 and 4.0 Â 10 À12 mol m À2 s À1 for the biogenic and the chemogenic UO 2 , respectively (Table 1) . Upon the addition of 0.1 mM DIC, with the exception of one bio-UO 2 replicate, the effluent [U] diss yielded a transient peak and quickly approached a pseudo steady-state concentration of 0.5-0.6 lM for syn-UO 2 and 1.0-1.6 lM for bio-UO 2 ( Fig. 2a and b) . The surface area-normalized average dissolution rates were 4.6 Â 10 À11 and 2.0 Â 10 À10 mol m À2 s À1 for the biogenic and the chemogenic UO 2 , demonstrating a dissolution-promoting effect of carbonate and a higher dissolution rate constant for the chemogenic material.
After increasing the DIC in the feed solution to 1 mM, the effluent [U] diss increased slightly for the chemogenic and considerably for the biogenic UO 2 , reaching a steady- Table 1 Comparison of UO 2 dissolution rates obtained from flow-through dissolution in 12.6 mL CFRs under different experimental conditions. U dissolution rates are based on mass (R m ) or surface area (R n ) of UO 2 solids assuming steady-state was reached. The rate constant k accounts for the Gibbs free energy function f(DG), calculated with Eq. (9), Section 2.5. All rates account for the time-dependent loss of material during UO 2 dissolution.
Material
[Solid] Flow rate Casas et al. (1994) , (2) Thomas and Till (1984) , ( state of 1.5 and 7 lM, respectively ( Fig. 2c and d) . The surface area-normalized dissolution rates yielded 2.9 Â 10 À10 and 5.6 Â 10 À10 mol m À2 s À1 and thus were consistent with the rates determined from the aforementioned dissolution experiment carried out at the same [DIC] and P O2 conditions (Table 1) . After further increasing the influent [DIC] to 10 mM, the effluent [U] diss of the bio-UO 2 material showed another step-increase and leveled off at a higher steady-state concentration compared to the preceding condition (Fig. 2c) . In contrast, for the syn-UO 2 a transient [U] diss peak was followed by a slightly lower steady-state level than during the preceding condition (Fig. 1d) . The surface area-normalized dissolution rate constants (k) of the bio-and chemogenic UO 2 were very close to one another, 4.8 Â 10 À10 and 2.5 Â 10 À10 mol U m À2 s À1 , consistent with the structural homology of both materials (see Section 4.3.).
Effects of intermittent oxygen or carbonate supply on UO 2+x dissolution
Both carbonate and DO accelerated the dissolution of the bio-and chemogenic UO 2 . To study the reversibility of each dissolution process individually, the syn-UO 2 material was first reacted under carbonate-free reducing conditions and then intermittently treated with either 1 mM DIC or 1 vol% P O2 before re-establishing the initial condition. After adding 1 mM DIC, the effluent [U] diss linearly increased indicating that carbonate gradually made the UO 2 surface more susceptible to dissolution (Fig. 3a) . If the intrinsic rate of UO 2 dissolution was unaffected by carbonate, the effluent [U] diss would have stayed unchanged as represented by the dashed line. In contrast, an instantaneous increase of the dissolution rate constant would have resulted in a [U] diss curve as shown by the black line. When the influent was switched back to DIC-free water, however, the effluent [U] diss dropped to the preceding concentration level within five residence times, which is consistent with an immediate relapse of the dissolution rate to the preceding value and a washout of excess [U] diss that was consistent with the behavior of a conservative solute in a CFR as demonstrated by the model (black line). This result shows that the promoting effect of carbonate on UO 2 dissolution was fully reversible.
After switching from reducing to oxidizing conditions, provided by a 1 vol% P O2 atmosphere in the influent, the effluent [U] diss increased and approached a steady-state of $1 lM after 14 residence times (Fig. 3b) . After reintroducing the anoxic influent, the effluent [U] diss level stayed the same over the subsequent 20 residence times. This result shows that the oxidative dissolution process was not immediately reversible. Table 1 .
XAS and XPS spectroscopic analyses of UO 2+x
3.4.1. X-ray absorption spectroscopy XANES and EXAFS spectra for key samples are shown in Fig. 4 and compared to reference spectra for stoichiometric UO 2.00 (uncorroded uraninite) as well as UO 2.20 and UO 2.25 (U 4 O 9 ) obtained from Conradson et al. (2005 Conradson et al. ( , 2004 . Initial fits to the XANES data were performed using linear combinations of stoichiometric UO 2.0 and crystalline uranyl nitrate. This model assumes that all higher-valent U is present in the samples exclusively as UO 2 2+ , for which the formal uranium oxidation state is +VI and has the specific transdioxo uranyl cation structure. This model is not appropriate for samples containing UO 2+x , where the predominant U site local structure is believed to be more similar to that in UO 2.0 , and the oxidation state is likely to vary between +IV and +V, and possibly even as high as +VI (vide infra). In particular, we note that a UO 2 /uranyl XANES fitting model may not detect even moderate concentrations of higher-valent uranium such as U V+ , particularly if it occupies a uranium lattice site in UO 2+x , due to the possible similarity between the XANES for U VI+ and U V+ on the same site. Therefore, in the case where UO 2+x is likely to be important, the most appropriate XANES model spectra are those for UO 2.0 and UO 2.25 (U 4 O 9 ), which are likely end-members to be encountered under groundwater conditions. XANES fits to all samples, except that from the 21% P O2 SBR experiment, yielded 100% UO 2 regardless of the XANES model used, implying that the average uranium oxidation in the bulk of the samples was +IV within the detection limit of 5-10% UO 2.25 or uranyl. Fits to the 21% P O2 SBR sample, believed to be UO 2+x (vide infra) yielded 80 ± 10% UO 2.25 and the balance UO 2.00 (Fig. 4a) , yielding an overall bulk stoichiometry of UO 2.20±0.025 . As shown in Fig. 4 , the EXAFS spectra and corresponding Fourier transforms for the 1% P O2 CFR sample are qualitatively similar to that of stoichiometric UO 2.0 . Both show characteristic FT peaks for the shell of oxygen neighbors at 2.35 Å and next-nearest U neighbors at 3.87 Å (corresponding to FT peaks at ca 1.8 and 3.8 Å , R + dR, respectively). Some differences are apparent between the spectra. In particular, the relative height of the 3.8 Å Upeak is reduced as compared to that of bulk UO 2 , and the FT peaks above 5 Å (R + dR), which indicate the extent of intermediate-range order in the material, are attenuated or lost. These observations indicate that, after dissolution, the average uranium environment in the samples has become disordered as compared to unreacted UO 2.0 .
The EXAFS spectrum for the 21% P O2 SBR sample differs considerably from that of UO 2.0 and the 1% P O2 CFR sample. In particular, the FT peak corresponding to the 2.35 Å O-shell is sharply diminished. Moreover, there is no O-peak present at ca 1.5 Å (R + dR), which would be characteristic of uranyl. From these observations it can be concluded that dissolution in air-equilibrated water results in substantial disordering of the local coordination environment around U but without significant accumulation of uranyl (UO 2 2+ ). If uranyl was present, then it represented less than ca 10% of the total. The specific modification of the spectrum observed here is characteristic of conversion of UO 2.0 to UO 2+x (Conradson et al., 2004) . As shown in Fig. 4 , the 21% P O2 SBR spectrum is similar to that of UO 2.20 (the average composition as determined by XANES) and even more similar to that of U 4 O 9 . These observations indicate that dissolution in air-equilibrated water has resulted in the conversion of UO 2.0 to UO 2+x , with a composition of the final material between UO 2.20 and UO 2.25 as suggested by XANES and EXAFS combined. Conradson et al. (2004) suggested that UO 2+x may contain small quantities of uranyl (up to ca 15% of total U in UO 2.20 and U 4 O 9 ) as part of a separate phase exsolved within the UO 2 matrix. If uranyl were present in this form in the samples, then it would occur at or below the detection limit of the present qualitative EXAFS interpretation. To investigate the presence and role of higher valence states of uranium, XPS measurements were performed, as described in the next section.
X-ray photoelectron spectroscopy
The original unreacted syn-UO 2 material was analyzed by XPS to determine the near-surface stoichiometry and test whether the surface was oxidized. Several lines of evidence suggest that the surfaces of this material were not oxidized within the detection limit of XPS ($5% U(VI) or U(V), Fig. 5a ). First, the FWHM values of the primary peaks (i.e., U4f 7/2 at 380.16 eV for C1s at 285.0 eV) are among the lowest reported in the literature, where the FWHM of U4f 7/2 is 1.43 eV. Despite excellent energy resolution, the primary peaks are largely symmetrical with no detectable shoulders or inflection points. The primary peak envelopes required a second small peak at slightly higher binding energy to optimize the final fit. Nonetheless, this slight asymmetry can be attributed to manifest multiplet splitting, not a second component, as suggested by ab initio simulations of the U4f XPS spectrum for UO 2 (Ilton and Bagus, 2008) . Second, the spin orbit splitting (10.8 eV), and binding energy separation (6.96 eV) between the satellites and their corresponding primary peaks are close to literature values for stoichiometric UO 2.00 . This last parameter is a sensitive monitor of non-stoichiometry, as even minor oxidation can significantly decrease this separation (personal observation, ESI). Further, the satellite structures (shape, position, and intensity) are also typical of stoichiometric UO 2.00 . In particular, there is no indication of the U(V) satellite that appears at about 1.5 eV above the U(IV) satellite. Finally, the spectra did not vary even after several hours of intense X-ray exposure in the XPS. This is important because U(VI) and U(V) were found to be reducible under the conditions used (Ilton et al., 2007) .
The XPS result of the unreacted syn-UO 2 is consistent with EXAFS spectra, which did not show evidence of U(VI) based on the detection limit of up to 10%-mass. However, the XPS results of uncleaned original bio8-UO 2 and bio6-UO 2 materials indicated small but measurable apparent non-stoichiometry (Table 2 ). Some proportion of this apparent non-stoichiometry might be due to oxidized U sorbed to the biomass matrix. If so, this signal would be amplified relative to the signal originating from the nanoparticulate UO 2 due to the surface sensitivity of XPS. Indeed, XANES spectroscopy did not detect any uranyl components in the nano-biogenic UO 2 , although these authors pointed out that non-uranyl forms of U V+ and U VI+ could not be ruled out. In contrast, XPS analyses of biogenic UO 2 washed with anoxic NaOH solutions recorded significant increases in the proportion of U(V) at the expense of U(IV) ( Table 2 ). This observation suggests partial pre-oxidation near the surface of the cleaned bio-UO 2 that confounded the concomitant XPS analysis of the dissolution study. Hence, the dissolution and transformation of syn-UO 2 will be the focus of the remaining spectroscopic results and discussion.
After partial dissolution of the syn-UO 2 powder in anoxic water at near-neutral pH (2 replicates), the surface of the residual solid exhibited about 18-21% of U(V) and 7-10% of U(VI), as shown by XPS (Table 2) . Similar results were found after treatment at pH 2. As there is no significant difference among these results, a representative spectrum is shown in Fig. 5b . While maintaining anoxic conditions and treating the material with a 1 mM DIC solution at pH 8.5, the proportion of U(VI) on the surface did not change significantly. Although the proportion of U(V) diminished to 14%, this difference is not significant either, given the estimated relative uncertainties of ±25-30% and ±7% for $0.1-0.2 and $0.7 mole fraction components, respectively. When applying moderately oxidizing conditions (1% vol P O2 ) in the absence of DIC, the proportions of U(V) and U(VI) on the UO 2 surface increased to 28% and 17%, respectively (Fig. 5c) . However, XANES spectra of the syn-UO 2 residues reacted under reducing (data not shown) and moderately oxidizing conditions (Fig. 4a) consistently showed 100% U(IV), ruling out substantial oxidation in the bulk of the reacted materials. This is corroborated by the EXAFS results.
After partial dissolution of the syn-UO 2 material in airequilibrated water (21% vol P O2 ) containing 1 mM DIC, the XPS-detectable U(VI) fraction increased considerably to 44% in the CFR setup, and to 68% in the SBR experiment (Fig. 5d, Table 2 ), whereas the U(IV):U(V) ratios were close to 1 in both experiments. The EXAFS results did not support the presence of the short axial U@O bond (i.e., $1.8 Å ) typical of uranyl (V or VI), implying that the oxidized U identified by XANES primarily exists on uraninite lattice sites as charge defects. XPS results for U(V) and U(IV) yield a stoichiometry of U 4 O 9 . This conclusion is consistent with that obtained by XANES and EXAFS if the XPS-determined U(VI) component is restricted to the near-surface and was not measurable by XAS, whereas the UO 2 component (see Section 3.4.1.) is restricted to the particle core and was not measurable by XPS. Note that because the L-edge position for U(V) can be similar to that for U(VI), the XANES results cannot exclude U(V).
Another salient result that supports the presence of an outermost oxidized layer that was not detected by XAS is that the experiments reached saturation with respect to metaschoepite, which is consistent with the XPS-determined U4f binding energies of the dominant U(VI) component. Because metaschoepite, or any likely uranyl(VI) precipitate under the experimental conditions, should have the short uranyl axial bond, it is clear that EXAFS and XANES did not detect this outermost oxidized layer. Thus, as discussed later, the cumulative results are compatible with zoned particles consisting of a metaschoepite-like outer layer, a U 4 O 9 intermediate layer containing 50% U(V) and 50% U(IV), and a UO 2.00 core.
The XPS analysis detected a higher proportion of U(VI) on the surface of UO 2 dissolving in the SBR compared to the material dissolving in the CFR. This result likely reflects the longer reaction time of the SBR experiment and the continuous flushing of the reactor for greater removal of U(VI) by carbonate in the CFR experiment. In contrast to the original untreated syn-UO 2 material, the near-surface of all the treated and partially dissolved materials had significant proportions of U(VI) and U(V), which further illustrates the impact of surface oxidation under both anoxic and oxic conditions and the unexpectedly high stability of a near-surface U(V) component (see Section 4.1., below).
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DISCUSSION
Mechanistic model for aqueous UO 2+x dissolution
Among the potential physicochemical parameters controlling uraninite dissolution in groundwater (e.g., H + , oxidants, ligands, temperature), oxygen and carbonate are the most important variables under natural pH conditions. Extensive information is available on the corrosion of spent fuel and synthetic UO 2(s) as a function of oxygen and carbonate concentrations (for review see Shoesmith (2000) ). According to the literature, the dissolution process can be described by a three-step mechanism, (a) coordination of oxygen to the U(IV) surface followed by direct electron transfer (redox reaction), (b) surface coordination of carbonate to U(VI), and (c) detachment of a U(VI)-CO 3(aq) species De Pablo et al., 1999) . At low P O2 , uraninite dissolution is controlled by sorption of oxygen to the surface and thus is expected to be independent of the carbonate concentration. At high P O2 , carbonate coordination with U(VI) and complex detachment are expected to be rate-limiting until the [DIC] exceeds the concentration of surface bound U(VI). Both effects are reported in the literature and were consistently predicted using the general reaction model by De Pablo et al. (1999) .
The present study indicates higher complexity of the UO 2+x dissolution processes. Dependent on the chemical conditions, the oxidative dissolution of UO 2 particles can involve an intermediate U(V) species and lead to the formation of surface layers with distinct hyperstoichiometry including UO 2.25 (U 4 O 9 ). In synthesizing our experimental and spectroscopic results, we propose a slightly modified concept of the aqueous UO 2(s) dissolution, the key steps of which are illustrated in Fig. 6 for reducing (Fig. 6A-C ) and oxidizing conditions (Fig. 6D-F) regardless of the origin of the material (biogenic or chemogenic UO 2+x ).
Reducing conditions (no DIC)
The original chemogenic UO 2.0 exhibited U(IV) both in the bulk and on the particle surface, as shown by XAS and XPS analyses. Furthermore, KPA analysis excluded dissolved U(VI) in the effluent based on a detection limit of 4.2 Â 10 À10 M. Although the oxidation state remains uncertain for a fraction of 10-15% of the dissolved uranium, the ICP-MS results suggest a predominance of U(IV) aq . Hence, the main dissolution reaction for materials in contact with anoxic water at near-neutral pH is U(IV) hydrolysis (Eq. (7)), a conclusion that is consistent with the proton-promoted mechanism driving UO 2+x dissolution under acidic conditions .
Despite the lack of detectable U(VI) in solution, XPS recorded 7-10% U(VI) and $20% U(V) near the syn-UO 2 surface after being suspended in anoxic, DIC-free water (Fig. 5b) . The occurrence of U(V) and trace amounts of U(VI) on the chemogenic UO 2 suggests partial surface oxidation even under the reducing conditions in the experiments. The presence of U(V) on UO 2 is of particular interest because, to the best of our knowledge, it has not been reported in previous laboratory-based corrosion studies of synthetic UO 2(s) . However, a series of papers on the anodic dissolution of SIMFUEL (uranium dioxide doped with trivalent rare earth elements to increase the electronic conductivity), where the surface state of the UO 2 electrode was monitored with XPS, have reported U(V) for a wide range of solution compositions and applied potentials (Santos et al., 2004 (Santos et al., , 2006 . This raises the possibility that desorption of surface bound U(V) could be contributing to the U concentrations determined by ICP-MS; any U(V) aq present at such low concentrations might be stable with respect to disproportionation. It further raises the possibility that UO 2(s) solubility in water might be affected by U(V) aq resulting from surface oxidation of U(IV) under anoxic conditions. Table 2 Percentage of U(+IV), U(+V), and U(+VI) as determined by X-ray photoelectron spectroscopy (XPS) on synthetic and biogenic UO 2 before and after continuous-flow dissolution treatments.
Sample
Treatment condition U(+IV) U(+V) U(+VI) 
Origin of oxidants under reducing conditions
Water and its dissociation and radiolysis products can act as oxidants of UO 2 . For natural uranium, water radiolysis is mainly caused by alpha radiation from 238 U and 234 U (each $49% of activity). While the most important oxidants are H 2 O 2 and O 2 , H + , HO 2 À and free radicals can also be relevant Eriksen et al., 1995) . A comprehensive list of reaction pathways and products is given elsewhere (Christensen, 1998; Christensen et al., 1994) .
The yield of a-radiolytic H 2 O 2 generated in a CFR loaded with nanoparticulate 238 UO 2 can be estimated from the specific activity of the isotope 238 U (12,445 Bq/g). Assuming that there is no attenuation of a-radiation within submicron particles, the radiation dose will be independent of the surface area. Given the alpha activity of 1 g of 238 UO 2 (6.58 Â 10 5 dpm, disintegrations per minute), the alpha particle energy of 5.5 Â 10 6 eV and a product yield of 0.00985 H 2 O 2 molecules per eV in neutral water (Eriksen et al., 1995) , and assuming a 40 lm radius for the energy range of an emitted alpha particle in water (Kubatko et al., 2003) as well as conservative behavior for H 2 O 2 (neither decay nor consumption), the H 2 O 2 concentration in the CFR at steady-state can be calculated. Using a UO 2(s) concentration of 1 g/L and integrating the a-activity over a residence time of 6 min, the H 2 O 2 concentration would reach 3.55 Â 10 À13 M. Because this concentration is too low to account for the oxidation of a surface monolayer on uraninite under the experimental conditions, other oxidants are likely involved, for instance H 2 O. In addition, O 2 can result from the decomposition of peroxide, the reduction of which was shown to be catalyzed by the formation of a thin surface layer of a mixed U(IV)/U(V) oxide (UO 2+x ) until surface adsorbed U(VI) species begin to form (Goldik et al., 2004) .
Surface oxidation under reducing conditions
Even if the concentrations of potential oxidants such as H 2 O 2 , O 2 or H + are extremely low, each molecule coming close to the UO 2 surface may transfer electrons to a U(IV) site. Thus, over time, the surface can become more and more oxidized. Interestingly, the XPS data consistently showed U(V) at a higher percentage than U(VI) on the anoxic syn-UO 2 surface. This is consistent with an oxidation mechanism that involves a relatively fast single electron transfer reaction to form U(V) (Eq. (10), Fig. 6A ) followed by a slower second electron transfer to form U(VI) (Eq. (11), Fig. 6D) .
A similar oxidation mechanism was suggested for the anodic dissolution of SIMFUEL (Santos et al., 2004 (Santos et al., , 2006 based on the apparent coincident prominence of U(V) and OH À in their XPS spectra, prompting the authors to hypothesize that an intermediate U(V) species was stabilized on the UO 2 surface in a hydrolyzed form (Eq. (10)).
Disproportionation of U(V) is another potential reaction pathway (Eq. (12)) that can limit the accumulation of U(V) and explain the occurrence of U(VI) on the UO 2+x surface under reducing conditions (Fig. 6B) Depending on the concentration of U(V) aq in solution, rapid disproportionation of U(V) at the pH of the experiments would be expected. However, there is no firm evidence that sorbed U(V) is unstable with respect to disproportionation. Although this stability may depend on the substrate to which U(V) is sorbed, evidence from mica surfaces suggests that sorbed U(V) does not readily disproportionate (Ilton et al., 2005) . Consequently, the most likely reaction pathway is sequential oxidation of U(IV) to U(V) to U(VI).
Effects of carbonate under reducing conditions
The continuous partial oxidation of the UO 2+x surface under reducing conditions is also illustrated by the way carbonate affects uranium release. According to thermodynamic data (Guillaumont et al., 2003) carbonate is a weak complexant for U(IV) and thus should not enhance UO 2+x dissolution under strictly reducing conditions and at the carbonate and pH levels of the experiments. However, our results showed that carbonate accelerated UO 2 dissolution. Carbonate is known as a strong complexant for actinyl ions. Its presence in a UO 2(s) -H 2 O system can accelerate the detachment of U(VI) from the UO 2+x surface once U(VI) has been formed, thus promoting U(IV) oxidation. Although U(V)-carbonate species are less stable than U(VI)-carbonate complexes (Guillaumont et al., 2003) , they may act in a similar way and promote the oxidation of U(IV) to U(V) by facilitating the detachment of U(V) from the UO 2+x surface (Fig. 6C ). Eq. (13) gives an example of such a surface reaction based on the aqueous U(V)-carbonate species [UO 2 (CO 3 ) 3 ]
5À that has been resolved by means of XAS (Docrat et al., 1999) .
If in an anoxic flow-through system the carbonate-promoted rate of U(V) and U(VI) detachment from the UO 2+x surface is faster than the rate of U(IV) oxidation, then the introduction of carbonate should produce an initial [U] diss peak as the accumulated U(V) and U(VI) is removed. The peak would be followed by a continuous decline of [U] diss to a new steady-state level. This trend was observed for the syn-UO 2 when treated with anoxic 1 mM DIC solution (Fig. 2c) . In the anoxic flow-through experiment in which carbonate was intermittently supplied, the effluent [U] diss increased while carbonate was present, but rapidly returned to the initial steady-state concentration after the initial conditions were re-established (Fig. 3A) . These results illustrate that carbonate did not change the intrinsic oxidation kinetics of UO 2 (because it is not an oxidant), but rather it affected the detachment rate of U(IV) oxidation products from the UO 2+x surface.
Oxidizing conditions
The dissolution experiments and concomitant spectroscopic investigations showed a clear response to the increase in oxidant concentration. Even at a DO concentration as low as 0.4-0.6 mg/L (maintained by a P O2 of 0.01 bar in the headspace of the feed solution vessel), the fraction of U(V) and U(VI) near the UO 2 surface increased to 28% and 17% of total U (Table 2) . Similarly, the KPA detected dissolved U(VI) in the effluent, but this fraction represented only 5-10% of the effluent [U] diss . Because the concentration of the remaining 90-95% of [U] diss far exceeded the expected equilibrium concentration of U(IV) aq , the KPA analyses suggest the presence of another uranium component in solution, likely U(V) aq . Even stronger changes occurred when the [DO] was raised to $9 mg/L in equilibrium with air. The proportion of near-surface U(VI) increased to 44% at the expense of U(IV) ( Table  2) , and U(VI) became the predominant fraction of the effluent [U] diss at about 80%. The dissolution rates of syn-UO 2 increased by a factor of $10 (from 6 Â 10 À10 to 5 Â 10 À9 mol m À2 s À1 ) when switching from 1% to 21% P O2 (Table 1) . Because the DIC concentration was kept constant, the increase in dissolution rate reflects the expected strong dependency of the oxidation rate on the oxidant concentration.
When the supply of DO was stopped in the intermittent DO dissolution study (Fig. 3B ), the effluent [U] diss did not decline. Rather, the steady-state concentration remained unchanged for about 20 residence times, although the feed solution in this intermittent experiment never contained any carbonate. This result suggests that the detachment of U(VI) and possibly U(V) was rate-limiting while DO was supplied in the absence of carbonate, leading to an accumulation of oxidized U near the UO 2+x surface (Fig. 6F ). This observation is consistent with literature describing a decreasing hyperstoichiometry of the syn-UO 2 surface with increasing carbonate concentration under oxidizing conditions. While higher stoichiometric ratios of O:U were reported in the absence of bicarbonate (x = 0.35-0.38, Bruno et al. (1995 ), de Pablo et al. (1996 ), treatment with 0.1 and 1.0 mM DIC solution yielded x = 0.20 , and an even lower value of x = 0.05 was found after the treatment of syn-UO 2 with a 10 mM DIC solution (De Pablo et al., 1996; Gimenez et al., 2005) . Gimenez et al. (2005) concluded in their study that the non-stoichiometry was not due to deposition of a secondary solid phase. Torrero et al. (1997) determined an average solid surface stoichiometry of UO 2.25 at pH 8.2 as opposed to UO 2.0 at pH 5 and explained this difference by a diminishing rate of proton-promoted dissolution with increasing pH, enabling the incorporation of O 2À species into the UO 2 lattice. Thus, in the absence of more soluble aqueous U-carbonate species at neutral and alkaline conditions, the oxidative dissolution of UO 2+x will be controlled by the detachment of U(VI) and U(V) from the UO 2+x surface.
The highest U(VI) fraction on a syn-UO 2 surface (68% of total U) was determined by XPS in a SBR-based dissolution experiment in which syn-UO 2 was exposed to a 1 mM DIC solution open to air atmosphere. For this material, as outlined previously, the combined results of XANES, EXAFS and XPS suggest layered zones. A U(VI)-rich outer layer in which the binding energy is consistent with uranyl(VI) was identified by surface-sensitive XPS but not by XANES or EXAFS, a U 4 O 9 middle layer containing U(IV) and U(V) for which both XPS and XANES are sensitive, and a core composed of UO 2.00 that is accessible to XANES but not to XPS (Fig. 6F) . The lack of the transdioxo bonding structure as evidenced by EX-AFS suggests that U(V) must not be present as the UO 2 + cation and therefore we speculate that it can occupy UO 2 lattice sites as defects. Previous investigations have concluded that U 4 O 9 contains both U(IV) and U(V) (Allen and Holmes, 1993) . The clear evidence for U 6+ from XPS on the other hand strongly supports the concept of a surface coating distinct from U 4 O 9 , consistent with a mineral phase like metaschoepite. The possibility that U(V) is incorporated at lattice sites, most likely within the U 4 O 9 middle layer, might explain the surprisingly high stability of U(V) near the particle surface.
In conclusion, it is sufficient that all the XPS spectra are best fit with three components that are derived from wellcharacterized U(IV), U(V), and U(VI) standards and that these components maintain their separate and independent identities over a wide range of average oxidation states. Further investigation is needed to understand the formation and evolution of the proposed multi-layer oxidation structure.
Carbonate-promoted UO 2+x oxidation
Whereas several uraninite dissolution studies have been conducted under atmospheric P O2 , the present work investigated the effect of carbonate on the stability of bio-and chemogenic UO 2 at a moderate P O2 level of 1 vol% to simulate mildly oxidizing groundwater ( Fig. 7 ; note that rates are compared as a function of [CO 3 2À ] and not [DIC] ). Although the dissolution rates of bio-UO 2 were slightly higher than those of syn-UO 2 on a mass basis (Fig. 7a) , they were lower when normalized to surface area except for the highest carbonate concentration tested (Fig. 7b) . For both materials the dissolution rates increased with a similar slope up to roughly 5 Â 10 À6 M CO 3 2À . Beyond this concentration, the dissolution rates of bio-UO 2 kept increasing at a lower rate, while those of syn-UO 2 decreased slightly. Irrespective of whether or not this decrease is a real trend or an experimental artifact due to the sequential treatment of the material, the site density of surface-associated, carbonate-accessible U(VI) can be estimated by assuming that all sites were saturated with CO 3 2À when the dissolution rate reached its maximum. By multiplying [CO 3 2À ] by Avogadro's number and dividing by the product of SSA (6 m 2 /g) and solids concentration (1 g/L), a carbonate-accessible site density of 0.5 nm À2 is calculated for the syn-UO 2 . This number is very close to the >U(VI) site density of 0.6 nm À2 used in the study of De Pablo et al. (1999) . For the bio-UO 2 particles, the unknown degree of aggregation and thus uncertainty in their effective surface area made it impossible to calculate a meaningful >U(VI) site density for the purpose of comparison.
The log-linear relationship between dissolution rate and [CO 3 2À ] (Fig. 7b) is consistent with the literature (De Pablo et al., 1999) . Above a threshold CO 3 2À concentration the rate becomes independent of [CO 3 2À ]. This pattern is consistent with a surface-controlled dissolution mechanism mediated by the binding of carbonate to initially oxidized >U(VI) surface sites. The dissolution of bio-UO 2 is comparable to that of syn-UO 2 in that it strongly depends on the carbonate concentration even in oxygen-limited (0.4-0.5 mg DO/L) neutral water.
Under nominally reducing conditions, carbonate is not expected to accelerate the UO 2 dissolution because carbonate is a strong complexing agent for UO 2 2+ but not for U
4+
under the given experimental conditions (Shoesmith, 2000) . However, as discussed earlier, water radiolysis products can partially oxidize the UO 2+x surface and lead to the accumulation of corrosion product deposits such as UO 2.25 or UO 2.33 (Shoesmith, 2000) . Although such deposits may reduce the rate of UO 2+x dissolution, the self-stabilization of the surface against corrosion would be counteracted by increasing carbonate concentration. The accelerating effect on UO 2+x dissolution was clearly demonstrated by the increase in effluent [U] diss upon the supply of DIC under reducing conditions (Fig. 1a-c) . Another likely indicator of rapid dissolution of oxidized deposits on the UO 2+x surface is the transient peaks in the effluent [U] diss observed after switching from a lower to a higher DIC concentration in the feed solution (Fig. 2) . This feature suggests continuous accumulation of U(V) and/or U(VI) on the UO 2+x surface even during steady-state flow conditions and a fast desorption reaction when providing higher carbonate concentrations.
The average dissolution rates of syn-UO 2 from this study can be compared with previously published data. The rate obtained under a 1 vol% P O2 atmosphere at 0.1 mM DIC and pH 8.2 (2.0 Â 10 À10 mol m À2 s À1 ) was similar to numbers reported for higher DIC concentrations and in the presence of air (Table 1) Bruno et al., 1995; De Pablo et al., 1996) . In contrast, the dissolution rate of syn-UO 2 determined in the present study under atmospheric conditions, 1 mM DIC and pH 8.0 (4.8 Â 10
À9 mol m À2 s À1 ) was 48-times higher than the rate published for similar conditions (Pierce et al., 2005) . This discrepancy can be due to the higher flow rate and the sequential treatment of the UO 2+x material used in our study.
In natural groundwater, divalent earth alkali cations such as Ca 2+ and Mg 2+ are common constituents that can form very stable aqueous complexes with uranyl carbonate (Dong and Brooks, 2006) . Hence, such species may accelerate UO 2 dissolution in a similar manner to carbonate alone, by accelerating the detachment of surfaceassociated oxidized uranium species. Divalent cations may also interact with U(V) carbonato complexes, but it is unknown whether such species would favor enhanced dissolution or potentially stabilize the U 4 O 9 surface layer.
Comparison of bio-UO 2 and syn-UO 2 dissolution
The cleaned biogenic and the chemogenic uraninite solids exhibited similar dissolution trends and comparable rates under the experimental conditions, with one exception. Although the steady-state concentrations of dissolved uranium were generally higher for the bio-UO 2 compared to the syn-UO 2 (Figs. 1 and 2 ), the dissolution rates generally agreed within a factor 2-4 when normalized to the BET surface area (Table 1) . Given the complexity of the dissolution experiments and the number of variables that add uncertainty to the systems (e.g., mass and homogeneity of the initial solids, analytical uncertainties, variation among replicates), differences in rates within a factor of 4 are not likely to be significant. Based on this result, within the margin of experimental uncertainty, the tested biogenic and synthetic UO 2 materials exhibited similar reactivity with respect to oxidative and carbonate-promoted dissolution, where the detachment of U(VI) and probably U(V) is the dissolution rate-limiting step. This similarity in reactivity of the two size fractions ($3 nm and 100-200 nm particles) implies that the principal surface reactions, at least the rates of oxidation and dissolution, are comparable. This in turn suggests similar types and densities of reactive surface sites und thus surface free energy. A similar conclusion was obtained with regard to Zn(II) sorption on biogenic, nanoparticulate UO 2 and bulk uraninite (Singer et al., 2009) .
The exception to the trend of similar reactivity for the biogenic and chemogenic uraninites in the present study is the observation made under reducing conditions in the presence of carbonate, where the dissolution rate of bio6-UO 2 was about 20-times higher than that of syn-UO 2 ( Table 1 ), indicating that carbonate-promoted the UO 2 dissolution more for the biogenic nanoparticles than for the chemogenic material. A plausible cause is the higher initial surface oxidation after pretreatment, in particular the accumulation of U(V) and U(VI) near the surface which may give rise to faster detachment of the oxidized uranium species. At the high pH during the NaOH treatment of the biogenic UO 2 , surface oxidation can be more favorable due to higher activity of water radiolysis products and/or faster oxidation kinetics. Through protolysis of H 2 O 2 the perhydroxy anion HO 2 À can form and act as an oxidant and a precursor of a chain of radicals that produce an even stronger oxidizing environment . To verify the impact of the NaOH treatment, the reactivity of uncleaned bio-UO 2 material has to be determined. The presence of organic matter, in particular when associated with the bio-UO 2 surface, may lower the UO 2 reactivity and preserve the material against oxidative dissolution (Singer et al., 2009 ).
CONCLUSIONS
The long-term stability of biogenic uraninite is a seminal factor governing the success of bioremediation of uraniumcontaminated sites. The stability of nanoparticulate UO 2+x will depend on structural properties that determine surface reactivity and on physicochemical factors that control surface reactions. Building on the recently described structural homology of biogenic nanoparticulate UO 2 obtained from S. oneidensis MR-1 and chemogenic UO 2.00 , the goal of this study was to compare both materials with respect to their intrinsic solubility and dissolution kinetics under a variety of geochemical conditions and to investigate the dissolution mechanisms by bulk XAS and surface-sensitive XPS. The following conclusions are relevant to uranium geochemistry and bioremediation.
1. The thermodynamic solubility data accepted for socalled amorphous UO 2(s) are suitable in predicting the intrinsic solubility of undoped biogenic UO 2+x nanoparticles in near-neutral water under anoxic conditions. 2. Within the margin of experimental uncertainty and when normalized to surface area, dissolution rates of bio-and chemogenic UO 2+x were similar under carbonate-free reducing and oxidizing conditions, respectively. This similarity enables the modeling of the thermodynamic and kinetic properties of undoped biogenic UO 2+x nanoparticles based on those known for chemogenic UO 2.00 . 3. In near-neutral water, dissolved inorganic carbon, which is an ubiquitous groundwater component, reversibly promotes the dissolution of UO 2+x not only under strongly oxidizing conditions by forming highly soluble U(VI)-carbonate complexes, but also under nominally reducing conditions, where water and its radiolysis products (e.g., H 2 O 2 , O 2 , and radicals) can serve as oxidants.
This study has shown that intermediate U(V) species can accumulate on the UO 2+x surface. Formation of soluble U(V)-carbonate complexes is a likely driving force for promoting UO 2+x dissolution under anoxic conditions. 4. The mechanism of UO 2 oxidation appears to be more complex than usually assumed. Spectroscopic and analytical data from XPS, XANES, EXAFS, and KPA combined with experimental results from the carbonate treatment of dissolving UO 2.0 support the formation of a near-surface layer with an approximate UO 2.25 stoichiometry, characterized by a 1:1 ratio of U(IV) to U(V). Whereas low oxidant concentrations lead to an intermediate surface U(V) species, the sequential electron transfer from U(IV) to U(V) to U(VI) becomes favorable under strongly oxidizing conditions. 5. At the most oxidizing conditions studied the detachment of surface U(VI) appears to be rate-limiting in the absence and presence of carbonate up to a threshold concentration above which all accessible U(VI) sites are saturated with carbonate. The accumulated U(VI) can evolve to a metaschoepite-like coating on the UO 2+x surface layer, passivating the UO 2.0 core by controlling the uranium solubility and dissolution kinetics. Future studies should quantify the oxidative dissolution process of layered nano-scale UO 2+x materials in the field and explore the environmental significance of natural dopants and U(V) intermediate species.
